CpG islands (CGIs) function as promoters for approximately 60% of human genes. Most of these elements remain protected from CpG methylation, a prevalent epigenetic modification associated with transcriptional silencing. Here, we report that methylation-resistant CGI promoters are characterized by significant strand asymmetry in the distribution of guanines and cytosines (GC skew) immediately downstream from their transcription start sites. Using innovative genomics methodologies, we show that transcription through regions of GC skew leads to the formation of long R loop structures. Furthermore, we show that GC skew and R loop formation potential is correlated with and predictive of the unmethylated state of CGIs. Finally, we provide evidence that R loop formation protects from DNMT3B1, the primary de novo DNA methyltransferase in early development. Altogether, these results suggest that protection from DNA methylation is a built-in characteristic of the DNA sequence of CGI promoters that is revealed by the cotranscriptional formation of R loop structures.
INTRODUCTION
In mammals, DNA methylation at CpG dinucleotides is a prevalent epigenetic modification, affecting 70%-80% of all target sites (Lister et al., 2009) . Methylation is distributed throughout the genome though is particularly abundant at repeated DNA elements, where it contributes to stable transcriptional silencing (Yoder et al., 1997) . Due to the high rate of deamination of 5-methylcytosine to thymine, CpG-rich regions are scarce in mammalian genomes and predominantly correspond to unmethylated DNA segments called CpG islands (CGIs). Many CGIs reside at the 5 0 ends of genes, where they function as promoter elements (Illingworth and Bird, 2009) . Approximately 60% of all human genes, particularly ubiquitously expressed housekeeping genes, are transcribed from CGI promoters, making these loci critical functional elements in the human genome.
CGI promoter methylation is associated with heritable transcriptional silencing as seen at hundreds of genes on the inactive X chromosome in females (Payer and Lee, 2008) , at imprinted genes, and at genes expressed in a tissue-specific manner (Guibert et al., 2009) . Aberrant methylation and silencing of CGI promoters is often observed in the context of cancer (Jones and Baylin, 2002) . Genome-level studies confirm that the large majority (82%-94%, depending on the study) of promoter CGIs are unmethylated in normal tissues (Illingworth and Bird, 2009 ). However, the mechanism by which CGI promoters remain protected from this otherwise prevalent epigenetic modification is a major outstanding question. This question is particularly pertinent for early developmental stages that are characterized by a strong, global wave of de novo methylation occurring concomitantly with initial differentiation events.
Multiple lines of evidence suggest that transcriptional activity is required for protecting CGI promoters from DNA methylation (Bird, 2002) . For instance, a strong active promoter is required to maintain the unmethylated paternal allele of the imprinted Airn CGI in murine embryonic stem cells (ESCs; Stricker et al., 2008) . Likewise, impaired promoter function at the MAGEA1 and APRT genes lead to acquisition of DNA methylation (De Smet et al., 2004; Macleod et al., 1994) . More globally, the presence of RNA polymerase II at CGIs is associated with resistance to DNA methylation (Takeshima et al., 2009) , consistent with the finding that the location of a CGI relative to a TSS is a powerful predictor of its DNA methylation status (Straussman et al., 2009) . A transcription-based model is further supported by observations that transcriptional silencing occurs prior to the onset of de novo methylation (Bird, 2002; Mutskov and Felsenfeld, 2004 ). In the well-studied case of X-inactivation, de novo DNA methylation is not required for the initiation of silencing (Payer and Lee, 2008) . In the context of cancer, DNA methylation only occurs after a gene has become transcriptionally inactive (Bachman et al., 2003; Brock et al., 2007) . Finally, recent human methylome data show that the level of protection against DNA methylation at promoter regions is directly correlated to transcriptional output (Laurent et al., 2010; Lister et al., 2009) . Taken together, these findings imply that transcription initiation at CGI promoters is crucial for resisting DNA methylation. The exact mechanism(s) by which transcription confers this protection remains unknown.
DNA sequence features may also be correlated with the methylation status of CGIs. Importantly, GC content, CGI length, and CpG density are not accurate predictors (Feltus et al., 2003; Straussman et al., 2009 ). However, some sequence motifs, particularly degenerate G-rich sequences, have been associated with unmethylated CGIs (Bock et al., 2006; Straussman et al., 2009) . This suggests that the protection mechanism operating at CGIs might require particular DNA sequence arrangements.
Here we present a series of computational and experimental data that delineate a model to account for the protection of promoter CGIs against DNA methylation. Namely, we describe that the majority of unmethylated CGI promoters in the human genome show significant strand asymmetry in the distribution of guanine and cytosines, a property known as GC skew. This property, in turn, confers the ability to form long, stable, and three-stranded nucleic acid structures called R loops upon transcription. R loop structures form in cis when the newly transcribed G-rich RNA strand reanneals back to the template C-rich DNA strand, forcing the nontemplate G-rich DNA strand into a largely single-stranded (ss) conformation ( Figure 1A ). The driving force behind R loop formation is the superior thermodynamic stability of a G-rich RNA bound to a C-rich DNA template (Ratmeyer et al., 1994; Roberts and Crothers, 1992) . Such R loop structures have long been reported from bacteria and bacteriophages to yeast and mammals (Li and Manley, 2006) . Our data further suggest that R loop formation at CGIs can prevent methylation of the underlying DNA sequence.
RESULTS

GC Skew Is a Common Characteristic of Human CGI Promoters
To determine if human CGI promoters carry sequence signatures for R loop formation, we developed a hidden Markov Model-based algorithm called ''SkewR'' to identify GC-rich regions displaying strand asymmetry in the distribution of G and C residues. In brief, SkewR scans the entire human genome and assigns each nucleotide to one of four distinct states representing either the average sequence composition (Genomic state), a GC-rich state devoid of GC skew (GC state), or two skewed states (G-skew or C-skew, depending on whether guanines or cytosines are enriched on the particular strand being analyzed; see Supplemental Experimental Procedures and Figure S1, available online, for details). Under the most stringent parameters, 16,694 nonrepetitive skewed loci were detected in the human genome (see Table S1 for a list), 75% of which mapped to genic regions. Furthermore, regions showing GC skew displayed a striking preference for the 5 0 end of genes: 45.9% of all human genes (based on RefSeq annotation) representing over 10,400 loci showed GC skew at their core promoters A) Transcription through regions of GC skew such that a G-rich RNA is generated can lead to R loop formation (top). In contrast, transcription through the same region such that a C-rich RNA is produced does not lead to R loop formation (bottom). The G-rich and C-rich strands are color-coded in red and blue, respectively; open lollipops represent unmethylated CpG sites. Note that transcription through regions devoid of GC skew does not give rise to R loop formation either. (B) Percent of human genes (RefSeq) showing overlap with GC skew at their 5 0 (À500 to +1500 relative to the beginning of the gene) or 3 0 (À500 to +1500 relative to the end of the gene) extremities, as determined by the SkewR algorithm. The overlap was calculated for each chromosome and the average and standard deviation for the genome are shown.
(C) Metagene analysis of the 7,820 genes showing positive GC skew co-oriented with transcription. All genes were oriented from left to right (as denoted by the arrow above) and aligned at their TSSs. The graph shows the aggregate GC%, CpG obs/exp ratio, and GC skew values calculated for a 50 nucleotide sliding window. The gray shaded area highlights the portion of the region corresponding to a CpG island (GC% > 50% and CpG o/e > 0.60).
(defined here as À500 to +1500 base pairs [bp] around the transcription start site; Figure 1B ). Importantly, 97% of all GC-skewed promoter regions corresponded to CGIs, suggesting that GC skew is a common characteristic of this class of elements. In contrast, only 3.7% of genes showed similar skew at their 3 0 end. Likewise, gene bodies showed negligible propensity toward GC skew (data not shown). We conclude from this analysis that GC skew is strongly enriched at CGI promoters.
Positive GC Skew Downstream of Transcription Is a Hallmark of Strong CGI Promoters In 75% of cases, promoters with GC skew (7,820 loci; Table S1 ) were oriented such that the nontemplate strand for transcription showed an excess of G over C residues (positive GC skew). Transcription through these regions could in principle give rise to R loops provided the GC skewed region is located downstream of the TSS. To test this, we aligned all corresponding genes at their transcription start sites (TSSs) and recovered 2 kilobases (kb) of DNA sequence on each side of the TSS. This data set was then used to compute the GC%, CpG density (measured as the CpG observed versus expected ratio or CpG o/e), and GC skew over a 50 nucleotide sliding window. This analysis revealed that promoters with positive GC skew define a set of highly GC-rich and CpG-dense CGIs ( Figure 1C ). The GC% rose nearly symmetrically around the TSS, whereas the CpG o/e ratio rose close to 1 just upstream of the TSSs, reflecting a strong clustering of CpG sites at this position. Using the ''standard'' criteria for CpG islands (Gardiner-Garden and Frommer, 1987) , the CGIs defined by this promoter set showed an average footprint of nearly 1,300 bp. In contrast to GC% and CpG density, GC skew rose in a markedly asymmetric manner around the TSS ( Figure 1C ). Prior to the TSS, the GC skew hovered around zero, reflecting the absence of any significant GC strand bias. About 200 bp upstream of the TSS, however, the GC skew rose abruptly and reached two maxima around 30 and 250 bp downstream of the TSS. The positive GC skew then gradually decreased with distance but could still be clearly detected 4 kb downstream ( Figure 1C and data not shown). Altogether, this analysis revealed that (1) GC skew is hallmark of a large set of strong CGI promoters; (2) the TSS of these promoters is characterized by an abrupt transition in GC skew; and (3) GC skew imposes an intrinsic asymmetry to these loci in such a way that positive GC skew downstream of the TSS is co-oriented with the transcribed gene.
Not surprisingly, the genes associated with these CGI promoters showed strong enrichment in gene ontology categories corresponding mostly to ''housekeeping'' genes (Table  S1 ). Likewise, a clear majority of these genes was characterized by high expression levels and broad tissue specificity (data not shown).
Formation of Long, Stable R Loops at the Endogenous Human SNRPN CGI In order to detect R loops at endogenous loci, we used a previously described R loop footprinting method (Yu et al., 2003) . This procedure uses nondenaturing bisulfite treatment combined to Ribonuclease H (RNase H) digestion as a tool to search for RNA:DNA hybrid-dependent ssDNA footprints in native genomic DNA samples.
The imprinted SNRPN CGI was the first region chosen for this analysis. This CGI overlaps with the Prader-Willi syndrome imprinting center and serves to maintain the paternal allele in an unmethylated state (El-Maarri et al., 2001) ; it is also highly GC skewed (Figures 2A, 2B , and S2A). In vitro transcription through cloned SNRPN CGI fragments in the physiological orientation led to efficient R loop formation as judged from topological and antibody gel mobility shift assays, and primer extension assays ( Figure S2 and data not shown). To assess R loop formation at the endogenous SNRPN locus, we extracted genomic DNA from undifferentiated human H1 ESCs and pluripotent Ntera2 cells and subjected it to nondenaturing bisulfite treatment. This was followed by polymerase chain reaction (PCR) amplification with primer pairs targeting the 5 0 and 3 0 boundaries of R loop structures, followed by cloning and sequencing. From this, we recovered a series of independent DNA molecules with extensive stretches of C to T conversion, indicative of the presence of ssDNA ( Figure 2C ). Importantly, treatment of the genomic DNA with RNase H (which specifically degrades RNA when base paired to DNA) prior to bisulfite conversion prevented our ability to recover any SNRPN amplicon despite numerous attempts (amplification of the same region with nonconverted primers was highly efficient; data not shown). Thus, our ability to detect single-strandedness on the nontemplate strand was dependent upon RNA:DNA hybrid formation. The singlestranded footprints observed on individual DNA molecules varied in size from $150 bp to over 600 bp of contiguous C to T conversion. Their 5 0 ends were distributed over a $300 bp initiation region, coinciding with a sharp rise of GC skew (Figures 2B and 2C) . On the 3 0 end, the ssDNA footprints terminated over a $150 bp region over which GC skew gradually returned to the genomic average ( Figures 2B and 2C ). The maximal span of these R loop footprints was $670 bp, matching closely to the GC skewed area. Long ssDNA footprints were also detected at the SNRPN CGI in DNA extracted from human postmortem brain tissue (Broadman Area 9) and whole blood. However, only a minority ($10%) of the molecules recovered from these two differentiated tissues corresponded to long R loop structures. Most molecules showed only background conversion due to spontaneous DNA breathing ( Figure S3 ). In contrast, every molecule recovered from human ESCs carried a long R loop footprint. This raises the possibility that pluripotent cells may be particularly adept at either forming or preserving R loops compared to differentiated cell types.
Since the SNRPN CGI is imprinted in hESCs, we sought to determine whether the R loop tracts preferentially associated with the transcribed paternal allele. The two parental alleles could be distinguished by an informative single-nucleotide polymorphism (SNP) in the H1 hESC line (rs12916854, A > G). In all cases, R loops were associated with the A allele at rs12916854. We infer that this allele corresponds to the paternal chromosome, since $96% of the cytosines coinciding with CpG sites ( Figure 2C , green ticks) within the bisulfite-converted R loop tracts were unmethylated. This indicates that R loops form in cis upon transcription of the unmethylated paternal SNRPN CGI. 
Molecular Cell
R Loop Formation at the Endogenous Human APOE Promoter
To confirm R loop formation at a nonimprinted locus, we selected the promoter of the human APOE gene, which was identified by SkewR (Figures 3A and 3B) . Whereas this promoter only shows intermediate CpG density, it belongs to a class of unmethylated CpG island-like regions (UMRs; Straussman et al., 2009) . As expected, nondenaturing bisulfite footprinting revealed the presence of long ssDNA tracts on the nontemplate G-rich strand expanding up to 650 bp ( Figure 3C ). Pretreatment of the genomic DNA with RNase H abolished our ability to amplify the region, indicating that the ssDNA footprints were dependent on RNA:DNA hybrid formation. As was the case at SNRPN, the large majority ($94%) of CpG sites within the R loop footprints were unmethylated. Using an informative SNP (rs440446), we confirmed that R loop formation at APOE occurs on both parental alleles, consistent with biallelic expression.
Transcription Induces R Loops at the Murine Airn CGI To further establish R loop formation at CGIs, we focused on the well-studied murine Airn locus. The Airn CGI shows oriented GC skew ( Figures 4A and 4B ) and undergoes efficient R loop formation upon in vitro transcription ( Figure S4 ). In vivo, Airn expression is weak in undifferentiated mouse ESCs and only undergoes induction upon differentiation (Latos et al., 2009 ). We extracted genomic DNA from undifferentiated and differentiated E14 mESCs and assayed R loop formation as described above. In undifferentiated cells, PCR was inefficient, and only two independent molecules could be recovered ( Figure 4C ). One carried a short ($170 bp) ssDNA footprint, whereas the other only showed sporadic background conversion. In contrast, multiple independent molecules with long ssDNA footprints were readily recovered from differentiated cells. These footprints reached up to 600 bp in length and initiated with the rise of GC skew. In this particular case, four independent molecules were recovered after pretreatment of the genomic DNA from differentiated cells with RNase H. None of these molecules carried C to T conversion tracks, indicating that the single-strandedness detected on the Airn nontemplate strand was dependent on the formation of an RNA:DNA hybrid.
Genomic Profiling Methods Reveal Widespread R Loop Formation at CpG Island Promoters
To further demonstrate that R loop structures form broadly in the human genome, we used the monoclonal S9.6 antibody. This antibody recognizes RNA:DNA hybrids in a sequence-independent manner (Boguslawski et al., 1986; Hu et al., 2006) and binds strongly to R loops ( Figure S5A ). S9.6 immunocytochemistry staining patterns on H1 hESCs showed an extensive nuclear localization characterized by thousands of small spots distributed throughout the nucleoplasm ( Figure 5A ). Bright staining in DAPI-poor nucleolar regions was also clearly evident, The GC skew over the analyzed region is plotted using a 100 nucleotide sliding window. The solid line represents the average genomic GC skew with the standard deviation shown as dotted lines. (C) This panel depicts the distribution of ssDNA footprints over the analyzed region in a stack format. This was generated from the analysis of 21 individual DNA molecules recovered from H1 ESCs, Ntera2 cells, blood, and brain. Vertical tick marks indicate when a given cytosine on the nontemplate DNA strand was sequenced as thymine, indicative of a single-stranded conformation. Green tick marks indicate converted cytosines in CpG dinucleotides. The position of all cytosines along the region is indicated on the line at the bottom of the stack (all Cs). The gray-shaded area highlights the span of the longest ssDNA footprints. The primers used to generate the sequenced amplicons are indicated at the bottom (red primers corresponding to ''converted'' primers matching bisulfite-modified DNA).
compatible with R loop formation at the highly transcribed and inherently R loop-prone ribosomal DNA arrays (El Hage et al., 2010) . Finally, extranuclear staining was consistently observed in the immediate nuclear periphery. This signal coincides with mitochondrial staining (data not shown) and is likely to result from mitochondrial replication . Pretreatment of fixed cells with RNase H decreased the S9.6 signal to background levels (data not shown), indicating that S9.6 localization reflects the presence of endogenous RNA:DNA hybrids. Importantly, a transiently expressed HA-tagged human RNASEH1 protein lacking its mitochondrial localization signal showed a nuclear distribution nearly identical to that of S9.6 ( Figure 5A , bottom right). This suggests that S9.6 and RNASEH1 recognize an abundance of endogenous RNA:DNA hybrid targets in the human genome.
In order to characterize these targets globally, we developed two independent genome-wide R loop profiling methods. The first one, which we termed DRIP (DNA:RNA immunoprecipitation) relies on the intrinsic specificity of the S9.6 antibody for R loop molecules. The second method, which we termed DRIVE (DNA:RNA in vitro enrichment), makes use of a catalytically deficient, but binding-competent, human RNASEH1 mutant protein in affinity pull-down assays. Both methods enable the specific and near quantitative recovery of R loop molecules in complex nucleic acid mixtures ( Figures S5A and S5B ) and lend themselves to genome-wide R loop characterization. For this, genomic DNA was first extracted gently from human pluripotent Ntera2 cells and fragmented using a cocktail of restriction enzymes. The samples were then incubated with S9.6 or the MBP-RNASEH1 y protein (see Experimental Procedures for details) and regions of RNA:DNA hybrids were recovered after a series of washes and elutions. In parallel, the same procedure was carried out on genomic DNA that had been pretreated with RNase H. After pull-down or immunoprecipitation, enrichment was assayed using quantitative polymerase chain reaction (qPCR) at the SNRPN and APOE promoters ( Figure S5C ). The recovered material was ligated to barcoded Illumina adaptors and used to build sequencing libraries for high-throughput DNA sequencing. In total, DRIP-seq and DRIVE-seq identified 20,862 and 1,224 peaks, respectively. RNase H-sensitive DRIP or DRIVE peaks were detected at 1,972 unique core promoters (À500/+1500 around the TSS), representing a highly significant enrichment. Importantly, DRIP and DRIVE showed a strong overlap at these promoter regions ( Figure S5D ). Gene ontology analysis revealed that this RNA:DNA hybrid-forming gene set was enriched for functional categories representing ''housekeeping'' functions, such as cellular metabolic processes, translational elongation, and gene expression. Consistent with our computational analysis, 84% of these promoters corresponded to CpG islands, and these loci showed pronounced GC skew downstream of the TSS ( Figure 5B ). Within the CGI class, 65% of the RNA:DNA hybrid-forming regions identified here mapped onto highly skewed CGIs previously identified by SkewR. The other 19% mapped onto a weaker class of CGI promoters devoid of a strong SkewR block. Only 2.1% of the newly identified promoters corresponded to GC-and CpG-poor promoters devoid of GC skew, reinforcing the notion that GC skew is an accurate predictor of R loop formation. Taken together, these data provide strong support to the notion that R loop formation is a widespread characteristic of thousands of human promoters, mostly CGIs. Two representative examples of such loci are provided ( Figures 5C and 5D ).
GC Skew Is Predictive of the Epigenetic State of CGIs
We next wished to test whether R loop formation and the ability of CGI promoters to remain protected from DNA methylation were two interrelated qualities. For this, we first asked whether the DNA methylation status of CGIs was reflected by their potential for R loop formation, as measured by GC skew. For this, we compared promoter CGIs, which tend to resist DNA methylation, with gene body CGIs, which often tend to be methylated. Significantly, 65% of the promoter CGI class (n = 13,636) overlapped with strong SkewR blocks, whereas only 16.3% of the gene body CGI class (n = 4,598) did ( Figure 6A ), indicating that these two classes of CGIs can be discriminated by their GC skew. We next asked whether CGIs showing distinct epigenetic states would also show distinct GC skew profiles. For this, we used published data (Straussman et al., 2009 ) and derived two sets of $1,600 CGIs each, corresponding to the least, and the most, methylated CGIs in two lines of hESCs, respectively. Strikingly, 67.4% of unmethylated CGIs showed overlap with strong SkewR blocks, whereas only 9.4% of methylated CGIs showed similar overlap ( Figure 6B ). We conclude that unmethylated CGI promoters are highly associated with strong GC skew and therefore with significant R loop formation potential.
Lastly, we investigated whether the strength of GC skew was correlated with the degree of protection against DNA methylation. For this, we focused on three classes of promoters distinguished by their GC skew. The first corresponded to the group of strong, highly skewed promoters described in Figure 1C (n = 7,820). The second class corresponded to promoter CGIs lacking significant GC skew overlap (the ''missing'' promoter CGIs from Figure 6A ; n = 4,526). This second class defines a set of weaker CGIs characterized by lower CpG densities and GC content and intermediate levels of GC skew ( Figure 6C ). The third class corresponded to GC-and CpG-poor promoters (n = 7,570) characterized by minimal shifts in GC skew around the TSS compared to both CGI groups (data not shown). Analysis of human methylome data (Laurent et al., 2010) revealed that highly skewed CGIs showed the most significant reduction of DNA methylation around the TSS, both in terms of absolute levels and size of protected region ( Figure 6D ). Weaker CGIs with intermediate GC skew, whereas still protected, showed an overall reduced level of protection compared to the previous group. Finally, ''CpG-poor'' promoters showed little to no protection against DNA methylation. We also observed a similar correlation between GC skew and H3K4me3 signal ( Figure S6A ), a hallmark of CGI promoters thought to protect against DNA methylation (Ooi et al., 2007) . The strength of GC skew, or R loop formation potential, is therefore predictive of the DNA methylation status at human promoters.
R Loop Formation on Episomal Templates Can Protect against De Novo DNA Methylation
To directly test the hypothesis that R loop formation protects the underlying DNA sequence from the activity of DNA methyltransferases (DNMTs), we used a well-described episomal system Figure 2 , except each line corresponds to one individual DNA molecule. DNA was analyzed from mESCs differentiated along a neural path by addition of retinoic acid (ÀLIF+RA, high Airn expression) with (+H) or without (ÀH) RNase H pretreatment prior to bisulfite footprinting. Amplicons were also recovered from undifferentiated mESCs (+LIF, little to no Airn expression). Brackets indicate regions that underwent short deletions due to instability of the DNA sequence in E. coli. (Chedin et al., 2002) in which the R loop forming portion of the human SNRPN CGI was cloned in both orientations under the control of a constitutive viral promoter. As expected, episomal R loop formation occurred only in the orientation that generates a G-rich RNA ( Figure S7A ). These episomes were transfected in HEK293c18 cells together with expression vectors for DNMT3B1, the main de novo DNMT expressed during early development (Takahashi et al., 2007) , and/or for the DNMT3L stimulatory factor (Chedin et al., 2002) . The resulting episomal methylation was then measured using methyl-sensitive restriction enzymes and Southern blotting. Methylation of the non-R loop forming episome was readily observed upon DNMT3B1 (B) The aggregate GC skew for all newly identified R loop forming promoters is graphed in red. All genes were aligned at their TSS and the GC skew computed using a 50 nt sliding window over the À500/+1500 region. The overall GC skew predicted for all 7,820 highly skewed promoters ( Figure 1C expression and clear stimulation was achieved upon co-expression with DNMT3L, as expected ( Figure 7A ; left). This indicates that constitutive transcription in the nonpermissive orientation for R loop formation is not sufficient to protect from DNA methylation. In contrast, methylation of the R loop forming episome appeared reduced, even in the presence of DNMT3L (Figure 7A ; right). We observed similar behavior for an episome containing an R loop forming portion of the mAirn CGI (Figures 7B and  S7B) . In both cases, the reduction in DNA methylation was particularly visible for high molecular weight species corresponding to highly methylated molecules. Importantly, deletion of the constitutive promoter transcribing the SNRPN region restored the ability of DNMT3B1 to methylate the CGI irrespective of orientation ( Figure 7C ). We confirmed these observations through careful quantification of Southern blot data on three independent replicates. This analysis showed that, on average, highly methylated molecules were reduced 2.7-fold between the R loop forming and the non-R loop forming orientations of the SNRPN fragment ( Figure 7D ). In contrast, promoter deletion abolished this difference. Interestingly, no significant difference was observed when the active DNMT3A2 methyltransferase was used instead of DNMT3B1, suggesting that the two active de novo enzymes do not react to R loop formation in the same manner ( Figure 7D ). Finally, a statistically significant 2-fold reduction in DNA methylation efficiency upon R loop formation was confirmed using bisulfite sequencing focusing on a 536 bp region mapping to a highly GC-skewed portion of the SNRPN G-rich strand and encompassing 20 CpG sites ( Figure 7E ). By contrast, a 532 bp untranscribed and nonskewed region encompassing 48 CpG sites located 3.5 kb downstream of the SNRPN and Airn regions was equally methylated regardless of the orientation of the R loop forming region ( Figure S7C ). Altogether, these data indicate that transcription of GC-skewed, CpG-rich regions in an orientation compatible with R loop formation confers at least partial protection from DNMT3B1-mediated DNA methylation to the underlying DNA sequence.
DISCUSSION
Here we present evidence for widespread R loop formation at CGI promoters in the human genome. This conclusion is supported by computational analyses, which revealed that positive GC skew, the main sequence attribute required for R loop formation, is a hallmark of a large subset of strong CGI promoters. Importantly, the TSS of these promoters is characterized by an abrupt transition in GC skew such that positive GC skew is maximal at the 5 0 end of the transcribed RNA (Figure 1 ). These observations are in agreement with prior studies showing that the 5 0 end of human genes is characterized by GC strand asymmetries and G clustering on the coding strand downstream from promoters (Aerts et al., 2004; Touchon et al., 2003) . Likewise, global R loop formation is consistent with prior suggestions that the compositional asymmetries observed at human promoters are due to transcription-coupled mutational processes (Green et al., 2003; Polak and Arndt, 2008) . The combination of GC skew and G clustering near the 5 0 end of transcribed genes offers an optimal genomic context for the formation of R loops as demonstrated by careful in vitro studies (Roy (B) Percent of unmethylated (n = 1,785) and methylated (n = 1,594) CGIs showing GC skew overlap (methylation data from the hESC data set; Straussman et al., 2009) . Unmethylated CGIs showed a methylation score <À0.8, whereas methylated CGIs had a score >1.3 in both hESC cell lines). In both panels, the overlap was calculated for each chromosome, and the average and standard deviation for the genome are shown. (C) Metagene analysis of a subset of 4,528 promoter CGIs lacking strong GC skew. Symbols and analysis are as described for Figure 1C . (D) Aggregate CpG methylation levels around the TSS of genes corresponding to strong CGIs characterized by high GC skew (n = 7,820; red), weak CGIs characterized by intermediate GC skew (n = 4,526; orange), and ''CpG-poor'' promoters characterized by little to no skew (n = 7,570; green), respectively. The DNA methylation data were from Laurent et al. (2010). and Lieber, 2009; Roy et al., 2008) . In agreement, we provide base pair-resolution data demonstrating R loop formation at two loci in the human and one locus in the mouse genomes (Figures 2-4) . In all cases, R loop tracts matched closely with GC skew and were located within the boundaries of unmethylated promoter regions. Using innovative genomic methods (Figure 5) , we further showed that R loop formation is a widespread structural feature of a large fraction of human CGI promoters.
R loop formation at CGI promoters is consistent with several important aspects of CGI biology. First, CGI promoters are intrinsically open chromatin regions characterized by elevated nuclease accessibility and lower nucleosome occupancy (Tazi and Bird, 1990) . The presence of extensive ssDNA on the nontemplate strand of R loops might account, at least in part, for higher nuclease sensitivity. Likewise, it is possible that the formation of long RNA:DNA hybrids at these loci might render them less likely to wrap around nucleosomes (Dunn and Griffith, 1980) . Second, R loop formation is consistent with accumulating evidence showing that CGI promoters represent DNA replication origins (Cadoret et al., 2008; Delgado et al., 1998; SequeiraMendes et al., 2009) . As noted earlier, R loops have been traditionally observed at replication origins in multiple systems including bacterial plasmids and chromosomes, bacteriophages, and mitochondria. Third, whereas CGI promoter sequences are nearly symmetrical when analyzed for CpG density and GC content, GC skew is, by contrast, intrinsically asymmetric around the TSS ( Figure 1C ). It is possible that this asymmetry, and subsequent R loop formation, may serve to correct the lack of directionality in the initial steps of transcription (Core et al., 2008; Seila et al., 2008) . This correction might be mediated by the ability of R loops to elicit transcriptional pausing (Domínguez-Sá nchez et al., 2011; El Hage et al., 2010; Tous and Aguilera, 2007) . Interestingly, we note that the first peak of GC skew $30 nt downstream of TSS coincides closely to the peak of paused RNA polymerase II ( Figure S6B ). More broadly, a number of proteins involved in mRNA capping, spliceosome assembly, RNA splicing, mRNA surveillance, and mRNA export, contribute to regulating R loop formation (Aguilera and Gó mez-Gonzá lez, 2008; Li and Manley, 2006; Paulsen et al., 2009) , suggesting that R loop formation may be mechanistically tied to these processes.
Using computational analyses, we show that the potential for R loop formation is correlated with and predictive of the methylation status of a CGI (Figure 6 ). This suggests that R loop formation may be directly involved in maintaining the unmethylated state of CGI promoters. In support of this notion, we provide direct evidence that R loop formation can protect from DNMT3B1-mediated DNA methylation (Figure 7 ). The extent of protection (ranging from 2-to 4-fold in independent assays) may be underestimated in this system, given that episomal R loop formation efficiency was only 10%-15% on a steady-state level ( Figure S7A ). The exact mechanism by which R loop structures maintain an unmethylated state remains to be fully described. One possibility is that R loops represent inappropriate substrates for DNMT3B1 activity, as recently shown using purified recombinant enzyme (Ross et al., 2010) . It is unlikely, however, that a substrate-only mechanism could account for the protection, owing to the fact that R loop formation efficiency is likely to be low (Huang et al., 2006) and that R loops are likely to exist only transiently because of the activity of endogenous RNase H-type enzymes or RNA:DNA helicases. Two alternative, nonexclusive models could account for R loop function. The first model is based on the report that several members of the H3K4 methyltransferase family avidly bind to ssDNA (Krajewski et al., 2005) . This raises the possibility that R loop formation may contribute to recruiting the protective H3K4 trimethyl mark. In support of this model, H3K4me3 levels are positively correlated with transcriptional activity (Barski et al., 2007) and GC skew coincides with the peak of H3K4me3 nucleosomes downstream of the TSS ( Figure S6B ). Therefore, R loop formation may serve as an initial, transient nucleic acids-based signal, which is converted into a more permanent and heritable chromatin-based landmark. Additional recruitment of H3K4me3 to unmethylated CGIs by the CFP1 protein (Thomson et al., 2010) may enable the maintenance of an unmethylated state irrespective of the transcriptional activity of a given promoter in differentiated somatic tissues. The second model relies on the possibility that R loops may also signal the recruitment of DNA demethylating complexes to CGI promoters. The AID cytosine deaminase, a leading contender for initiating DNA demethylation (Popp et al., 2010) , requires ssDNA substrates and targets transcribed loci, including R loop-forming regions (Chaudhuri et al., 2003; Pham et al., 2003; Yu et al., 2005) . Recent Chip-seq analyses show that AID is enriched at H3K4me3-marked promoter proximal sequences overlapping broadly with CGIs (Yamane et al., 2011) . Altogether, our results suggest that protection from DNA methylation and epigenetic silencing at the majority of promoter CGIs in the human genome is a built-in characteristic of the DNA sequence that is revealed by the cotranscriptional formation of R loop structures.
EXPERIMENTAL PROCEDURES
Detection of R Loops Using Nondenaturing Bisulfite Treatment Single-stranded R loop footprinting was carried out using a previously reported method (Yu et al., 2003) . In short, genomic DNA was extracted gently from cells or tissues and treated with sodium bisulfite under nondenaturing conditions. Putative R loop regions were PCR amplified and the resulting PCR products were gel purified, cloned, and sequenced. As a control, genomic DNA was first pretreated with RNase H (New England Biolabs, Ipswich, MA, USA) overnight at 37 C before bisulfite conversion. For each locus analyzed, the data shown here were merged from at least two independent biological replicates.
Immunocytochemistry
Cells were fixed and permeabilized in pure, ice-cold methanol and stained in accordance with standard protocols using the murine S9.6 primary antibody (Hu et al., 2006) . The human RNASEH1 cDNA was amplified from a full-length clone so as to remove the first 26 amino acids, which carry the mitochondrial localization sequence and add an N-terminal HA tag (Cerritelli et al., 2003) . This PCR fragment was recloned into pcDNA3 (Invitrogen, Carlsbad, CA, USA), resulting in pRH1(DMLS)HA. The distribution of HA-RNASEH1 upon transfection of HEK293 cells was analyzed by immunocytochemistry using a mouse anti-HA primary antibody.
Purification of the S9.6 Antibody and MBP-RNASEH1 y Protein
The S9.6-producing hybridoma cell line (HB-8730) was purchased from ATCC (Manassas, VA, USA), and the antibody was recovered from ascites fluid and purified to homogeneity by Antibodies Inc. (Davis, CA, USA). The human RNASEH1(DMLS) cDNA was cloned in-frame in a modified pMALc-2x expression vector. An Asp to Asn mutation was then introduced at position 145 by site-directed mutagenesis. This mutation abolishes the catalytic activity of the enzyme but leaves intact its ability to specifically bind to RNA:DNA hybrids (Wu et al., 2001 ; Figure S5B ). The resulting MBP-RNASEH1 y protein was expressed in Escherichia coli Rosetta cells and purified to near homogeneity through an amylose affinity column and S ion-exchange column.
Genome-wide R Loop Profiling Using DRIP-seq and DRIVE-seq Total nucleic acids were extracted from pluripotent Ntera2 cells by SDS/ Proteinase K treatment at 37 C followed by phenol-chloroform extraction and ethanol precipitation. DNA was fragmented using HindIII, EcoRI, BsrGI, XbaI, and SspI and pretreated, or not, with RNase H overnight. For DRIP, DNA was further processed essentially as described for MeDIP (Weber et al., 2005) , except the S9.6 antibody was used and the denaturation step was omitted. For DRIVE, the MBP-RNASEH1 y protein was added to DNA (2 to 1 w/w ratio) and allowed to bind for two hours. Bound DNA fragments were recovered by addition of 50 ml amylose beads (New England Biolabs) followed by two washes and elution in a maltose-containing buffer. DNA fragments were treated with Proteinase K and recovered after phenol-chloroform extraction and ethanol precipitation. Validation of the DRIP and DRIVE procedures was performed by qPCR (primers available upon request). The pulleddown material (with and without RNase H-treatment) and input DNA were then sonicated, size-selected, and ligated to Illumina barcoded adaptors for sequencing on Illumina GAIIx and HiSeq platforms. From 4.8 to 6 million mapped reads were obtained for each sequenced library. Alignment to the Hg19 build was carried out using BWA (Li and Durbin, 2009) , and peak calling was done using MACS (Zhang et al., 2008) . For DRIP-seq, peaks were called using all mapped reads enforcing a greater than 10-fold enrichment above both input and RNase H-pre-treated control data sets. For DRIVE-seq, peaks were called by using uniquely mapped reads enforcing a greater than 5-fold enrichment above both input and RNase H-pre-treated samples, as well as an FDR of <0.1. Gene ontology analysis was performed using the DAVID Web site ; overlap analyses were performed using the University of California Santa Cruz (UCSC) Genome Browser and custom Perl scripts. Consistent with immunocytochemistry data (Figure 5A ), the mitochondrial genome and ribosomal DNA arrays were two prominent targets in our sequencing data sets (data not shown).
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